Objective: We sought to determine whether in the absence of clinical stroke, people with atrial fibrillation experience faster cognitive decline than people without atrial fibrillation.
Atrial fibrillation and cognitive decline are both strongly related to aging. Cognitive decline has profound effects on independence and on the cost and complexity of medical care. Recent research supports atrial fibrillation as a risk factor for incident dementia, independent of clinical stroke. [1] [2] [3] Dementia diagnosis is based on evidence that a person has experienced significant cognitive decline; however, changes in cognition both before and after crossing the dementia threshold are relevant to older adults' functioning and quality of life. The effect of atrial fibrillation on longitudinal cognitive test score trajectories is not well characterized. Previous investigations of atrial fibrillation in relation to cognitive test scores were small or were from cross-sectional studies that could not evaluate the association of atrial fibrillation with longitudinal changes in cognitive function compared with normal aging. [4] [5] [6] [7] [8] [9] [10] [11] The purpose of this report was to examine the association of incident atrial fibrillation with cognitive trajectories using annual cognitive assessments in a large longitudinal study of older adults. We chose to focus on people without clinical stroke because the deleterious effect of stroke on cognition is already well known. We hypothesized that even in the absence of clinical stroke, participants with incident atrial fibrillation would experience a faster decline in cognitive test scores compared with participants without a history of atrial fibrillation. METHODS Standard protocol approvals, registrations, and patient consents. Institutional review boards at the University of Washington and each field center approved the study, and participants gave written informed consent.
Design, setting, and participants. The Cardiovascular Health Study is a community-based prospective study of men and women aged 65 years and older. 12 The cohort included 5,201 participants enrolled in 1989/1990 and 687 participants enrolled in 1992/1993 at field centers in Washington County, MD; Pittsburgh, PA; Forsyth County, NC; and Sacramento County, CA. Participants were invited to return to the field centers for annual visits including cognitive assessments through 1998/1999. They were eligible for this analysis if they did not have atrial fibrillation on the baseline ECG, did not have a history of stroke at baseline, had at least one cognitive assessment obtained at baseline or during follow-up but before incident clinical stroke, and had complete covariate data (figure e-1 on the Neurology ® Web site at www.neurology.org). Participants with atrial fibrillation at baseline were excluded because the amount of time since their initial atrial fibrillation onset was unknown, and time since atrial fibrillation was an important variable in our analysis. Participants were censored after they had experienced incident clinical stroke in order to estimate the relationship of atrial fibrillation with cognitive decline in the absence of clinical stroke.
Assessment of atrial fibrillation. Assessment of atrial fibrillation in the Cardiovascular Health Study and validation of the methods have been described. 13, 14 Participants were assessed with 12-lead ECG at baseline and at annual follow-up visits through 1998/1999. The ECGs were interpreted for the presence of atrial fibrillation or atrial flutter at the Cardiovascular Health Study Electrocardiography Reading Center. Also, hospital discharge diagnoses during follow-up were checked for ICD-9 diagnosis codes for atrial fibrillation or atrial flutter (427. 3, 427.31, or 427.32) . At baseline, participants were considered to have prevalent atrial fibrillation, and were excluded if atrial fibrillation was present on the baseline ECG. During follow-up, participants were considered to have incident atrial fibrillation when atrial fibrillation or atrial flutter was first identified by hospital discharge diagnosis code in any position or by annual study ECG. Once incident atrial fibrillation was identified, participants were considered to have a history of atrial fibrillation through the end of follow-up.
Assessment of covariates. Assessment of baseline and time-varying
covariates is described in appendix e-1.
Assessment of cognitive function. Cognitive function assessment
in the Cardiovascular Health Study has been described. 15, 16 Cognitive tests included the Modified Mini-Mental State Examination (3MSE), 17 administered annually up to 9 times from 1990/1991 to 1998/1999, and the Digit Symbol Substitution Test (DSST), 18 administered annually up to 10 times from 1989/1990 to 1998/1999. The 3MSE is an expanded version of the more frequently used Mini-Mental State Examination. The 3MSE is a general screening tool assessing several aspects of cognition including memory, orientation, calculation, and verbal fluency. Scores on the 3MSE range from zero (worst) to 100 (best). Prior literature suggests using a 3MSE cutoff of ,78 points for dementia screening. 19 The DSST is a subtest of the Wechsler Adult Intelligence Scale. The DSST assesses the ability to quickly match numbers with symbols, which is influenced by aspects of cognition such as information processing speed, visuomotor coordination, and attention. Scores on the DSST range from zero (worst) to 90 (best). In addition, during the 4 annual visit cycles from 1995/1996 to 1998/ 1999, cognitive function was assessed by phone with the Telephone Interview for Cognitive Status 20 15 Statistical analysis. The statistical analysis was based on longitudinal 3MSE and DSST scores from eligible participants. There were 5,150 participants for analysis of 3MSE trajectories with 34,844 3MSE scores obtained over a mean of 7 years of follow-up, and 5,279 participants for analysis of DSST trajectories with 36,388 DSST scores obtained over a mean of 6 years of follow-up (figure e-1). Scores on 3MSE and DSST were slightly more likely to be missing after incident atrial fibrillation than in participants without atrial fibrillation.
The aim of the statistical analysis was to describe average cognitive trajectories across age, after incident atrial fibrillation was identified compared with no prior atrial fibrillation. We used mixed-effects linear regression models. 22 Age, incident atrial fibrillation, and years since incident atrial fibrillation was identified were time-varying and were updated at each cognitive assessment. Details regarding the modeling of age and atrial fibrillation variables are given in appendix e-1. Models were adjusted for baseline covariates chosen a priori: birth year, sex, race, years of education through 12th grade, any education beyond 12th grade, former smoking, current smoking, any alcohol use, alcoholic drinks per week, diabetes, hypertension, systolic blood pressure, coronary heart disease, heart failure, and multiplicative interaction terms for the linear age variable with each baseline covariate except birth year. In additional models, we used time-varying covariates to adjust for incident diabetes, hypertension, coronary heart disease, and heart failure. We also repeated the analysis after excluding participants with baseline heart failure and censoring participants at the occurrence of incident heart failure.
For presentation of the results, model-based estimates and mean baseline values of covariates were used to estimate covariate-adjusted mean cognitive score trajectories across age, differences in mean trajectories (after incident atrial fibrillation minus no prior atrial fibrillation), and 95% confidence intervals (CIs). Statistical analyses were conducted using Stata versions 10-12 (StataCorp, College Station, TX).
RESULTS During a mean of 7 years of follow-up, incident atrial fibrillation was identified in 552 (10.7%) of 5,150 participants included in 3MSE analyses. They were on average older, a larger proportion was male and white, and they had a higher prevalence of diabetes, hypertension, coronary heart disease, and heart failure than those who did not develop incident atrial fibrillation (table 1) .
In figure 1 , the model-predicted mean 3MSE score trajectory for participants without prior atrial fibrillation (in blue) shows mean scores above 90 points through age 75, followed by a decline growing steeper with age leading to mean scores below 68 points after age 90. The predicted trajectories after incident atrial fibrillation identified at ages 70, 75, 80, and 85 (in red) show mean 3MSE scores at the age when incident atrial fibrillation was first identified were similar to mean scores of participants at the same age without prior atrial fibrillation. However, mean scores declined faster in participants after incident atrial fibrillation relative to those with no prior atrial fibrillation (see also table e-1).
Model-predicted decline in mean 3MSE score over selected 5-year age periods beginning at ages 70, 75, 80, and 85 is shown in table 2. For example, with adjustment for baseline covariates, the decline in predicted mean 3MSE score over the next 5 years beginning at age 80 was 26.4 points (95% CI: 27.0, 25.9) for participants without atrial fibrillation who remained free of atrial fibrillation for at least 5 years. However, it was 210.3 points (95% CI: 211.8, 28.9) for participants with incident atrial fibrillation identified at age 80, a difference of 23.9 points (95% CI: 25.3, 22.5) (model 1 in table 2 ). Mean 5-year decline in 3MSE score was similarly faster after incident atrial fibrillation identified at ages 75 or 85, but not at age 70 (model 1 in table 2) . Model-predicted trajectories were similar after additional adjustment for other time-varying incident risk factors (model 2 in table 2) and in the absence of heart failure (model 3 in table 2), with some attenuation of the difference between the trajectories after incident atrial fibrillation vs without prior atrial fibrillation.
In figure 2 , the model-predicted mean DSST score trajectories after incident atrial fibrillation identified at ages 70, 75, 80, and 85 (in red) show faster decline than the trajectory without prior atrial fibrillation (in blue) (see also table e-2). Across all ages, with adjustment for baseline covariates, the predicted decline in mean DSST score over the next 5 years was 2 points greater (difference: 22.1 points; 95% CI: 23.1, 21.2) after incident atrial fibrillation than in participants with no history of atrial fibrillation who remained free of atrial fibrillation for at least 5 years (model 1 in table 3 ). The association of incident atrial fibrillation with faster decline in mean DSST score remained after adjustment for other time-varying incident risk factors (model 2 in table 3 ) and in the absence of heart failure (model 3 in table 3) . DISCUSSION In this longitudinal study of older adults without stroke, we analyzed annual cognitive scores, including 3MSE for up to 9 years and DSST for up to 10 years. We compared cognitive trajectories after incident atrial fibrillation with trajectories in participants without prior atrial fibrillation. Cognitive decline was more rapid after incident atrial fibrillation was identified than before it was identified. In models of 3MSE trajectories, for ages 75 and above, the average rate of decline was about 3 points faster per 5 years of aging in participants after incident atrial fibrillation relative to those without prior atrial fibrillation. CIs suggested that in the underlying population, the difference in rates of decline may be 1 to 5 points faster per 5 years. In the DSST models, for ages 70 and above, the average rate of decline was about 2 points faster per 5 years in participants after incident atrial fibrillation relative to those without prior atrial fibrillation. CIs suggested an underlying population difference in rates of decline of 1 to 3 points faster per 5 years.
To put these differences in context, we can consider the expected magnitude of decline in cognitive scores among people without atrial fibrillation. In this study, for participants without atrial fibrillation, aging 5 years was associated with average predicted declines in 3MSE score of less than a point at age 70, about 3 points at age 75, 6 points at age 80, and 14 points at age 85. The more rapid decline we observed after incident atrial fibrillation suggests that people with atrial fibrillation are likely to reach thresholds of cognitive impairment or dementia at earlier ages than people with no history of atrial fibrillation. In prior research, a 3MSE score ,78 was found to have 88% sensitivity and 90% specificity for detecting dementia. 19 In the present study, participants without atrial fibrillation had a predicted mean 3MSE score ,78 points at age 87. In contrast, participants with incident atrial fibrillation at age 80 had a predicted mean score ,78 points at age 85, 2 years earlier than was predicted for participants aging without a history of atrial fibrillation.
A potential mechanism by which atrial fibrillation could hasten cognitive decline is embolic infarction. 23 In this study, we excluded participants with prevalent stroke and evaluated cognitive trajectories in the absence of incident clinical stroke, but nonetheless found an association between atrial fibrillation and cognitive decline. However, some participants in our study may have experienced stroke during follow-up without being diagnosed. In the Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study, a history of stroke symptoms in the absence of diagnosed stroke was associated with cognitive impairment. 24 Also, embolic infarcts may be covert and fail to cause noticeable symptoms but produce lasting tissue damage and functional consequences, which could be a potential explanation for the results we observed. If covert embolic infarction was a mechanism linking atrial fibrillation with cognitive decline, we would expect anticoagulation to reduce cognitive decline. We did not explore the role of anticoagulation in this study because we were concerned that in this observational research setting, cognitive status itself could influence whether people with atrial fibrillation initiate or adhere to anticoagulation treatment. Therefore, differences in 3MSE or DSST trajectories by anticoagulation status could potentially result from the effects of cognition on treatment, rather than the other way around.
Another potential mechanism that could link atrial fibrillation to cognitive decline is cerebral hypoperfusion, 23 which could occur as a result of reduced cardiac output during atrial fibrillation. That the observed association of atrial fibrillation with cognitive decline was Table 3 Model-predicted 5-year decline in mean (95% CI) DSST score without prior AF and after incident AF attenuated when removing participants with heart failure suggests that low cardiac output due to concomitant heart failure may partially explain the relationship of atrial fibrillation with cognitive decline. Hypoperfusion has been hypothesized to result in leukoaraiosis with associated functional consequences in the brain, 25 and also to impair the clearance of emboli from cerebral vessels. 26 The roles of embolic infarction and hypoperfusion in linking atrial fibrillation with cognitive decline could be investigated with serial brain imaging.
In addition to the potential causal mechanisms mentioned above, atrial fibrillation and cognitive decline could be associated if atrial fibrillation was a surrogate marker of other factors affecting cognition. We addressed this possibility by adjusting for demographic, behavioral, and clinical risk factors for cognitive decline. Finally, it is possible that changes in the brain associated with cognitive decline could influence the risk of atrial fibrillation, but this is largely unexplored. 27 Most research on atrial fibrillation and cognition has focused on the outcome of incident dementia. A 2011 review of this literature reported a meta-analysis hazard ratio of 2.4 (95% CI: 1.7, 3.5) for atrial fibrillation and incident dementia after clinical stroke, and a meta-analysis hazard ratio of 1.6 (95% CI: 1.0, 2.7) for atrial fibrillation and incident dementia in studies that included people without stroke. 1 Significant heterogeneity existed among the studies included in the meta-analysis, and the authors concluded that the association between atrial fibrillation and incident dementia was uncertain, except in patients with stroke. A more recent analysis of atrial fibrillation and incident dementia among people with no history of stroke at baseline from the Adult Changes in Thought Study found a hazard ratio of 1.4 (95% CI: 1.1, 1.8) for incident dementia associated with atrial fibrillation, in the absence of incident stroke. 2 Another recent analysis among stroke-free participants in the ONTARGET and TRANSCEND trials found a hazard ratio of 1.2 (95% CI: 1.0, 1.5) for atrial fibrillation and incident dementia. 3 The present longitudinal study of cognitive trajectories provides new information about the average rate of cognitive decline associated with atrial fibrillation in the absence of clinical stroke.
One prior study with 3 longitudinal cognitive assessments over 3 years found no association of atrial fibrillation with changes in mean test scores over time, although this may have been because of low power due to a small number of participants. 8 In the present study, the large number of longitudinal cognitive tests spanning up to a decade per participant, and spanning 3 decades of age across all participants, enabled us to estimate precisely the average cognitive trajectories during aging.
This study has limitations. Ascertainment of atrial fibrillation may have been incomplete and onset dates inaccurate if participants had atrial fibrillation without symptoms, delayed seeking medical care for their symptoms, or were not hospitalized after developing atrial fibrillation. We did not have sufficient information to classify atrial fibrillation according to the frequently used categories of single-episode, paroxysmal, persistent, and permanent. 28 Instead, we used a simpler classification of after incident atrial fibrillation vs without atrial fibrillation. However, prior research by our group and others has shown that once diagnosed, atrial fibrillation usually recurs and often becomes permanent. 29, 30 We did not exclude participants with prevalent atrial fibrillation at baseline if it was not detected by the baseline ECG. Scores on 3MSE and DSST were incomplete. Missing cognitive scores are likely to be lower than observed trajectories would predict, and scores were slightly more likely to be missing after incident atrial fibrillation was identified; therefore, the cognitive decline that actually occurred in the cohort may have been greater than what we observed.
This longitudinal study provides evidence that in the absence of clinical stroke, atrial fibrillation is associated with cognitive decline. Further research is needed to learn how the adverse cognitive consequences of atrial fibrillation may be prevented.
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